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into campholenic aldehyde and myrtanal and Meerwein–Ponndorf–Verley reduction of these alde-
hydes to the corresponding alcohols.
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Monoterpenes a- and b-pinenes 1 and 2 are widespread in
nature. These compounds ﬁnd applications in pharmaceutical3 330 8870; fax: +7 383 330
K.P. Volcho).
y. Production and hosting by
Saud University.
lsevier
ND license.and cosmetic industries, in the synthesis of ﬂavor additives,
pesticides, and other products (Monteiro and Veloso, 2004;
Swift, 2004). Synthesis of a-pinene epoxide 3 followed by
its isomerization into campholenic aldehyde 4 (Scheme 1) is
one of the most important uses of a-pinene 1 from a practical
standpoint (Volcho and Salakhutdinov, 2008; Il’ina et al.,
2008). Epoxide 3 is crucial in the synthesis of a-campholenic
alcohol 5 and its derivatives (Schulte-Elte et al., 1986), which
exhibit valuable organoleptic properties (Naipawer et al.,
1984).
Obtaining trans-myrtanol 8 from b-pinene 2 through the
formation of intermediate compounds 6 and 7 is another inter-
esting process; it is based on the opening of the epoxide ring
followed by the reduction process (Scheme 1). Compound 8
is used in the syntheses of metal–organic substances and bio-
logically active compounds (Giacomelli et al., 1984; Beckmann
et al., 2009; Schoen et al., 2009).
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314 I.V. Il’ina et al.The well-established scheme of the compound 5 synthesis
includes the acid-catalyzed isomerization of epoxide 3 that
causes the formation of campholenic aldehyde 4 followed by
its isolation (Naipawer et al., 1977); in the second stage, alde-
hyde 4 is reduced to compound 5 by using LiAlH4 (Chapuis
and Brauchli, 1992; Lewis and Hedrick, 1965).
It was earlier shown that epoxide 3 can be transformed into
campholenic alcohol 5 in one step in the presence of activated
Al2O3 (Joshi et al., 1968). The reaction proceeded for 24 h;
compound 5 was obtained as a result of disproportionation
of the intermediate compound, aldehyde 4, into alcohol
5 and the corresponding acid 9 (the Cannizzaro reaction,
Scheme 2); the yield of compound 5 was 13%.
A signiﬁcant disadvantage of this method for obtaining
compound 5 is that a half of the intermediate aldehyde 4 is
consumed on the formation of campholenic acid 9. This prob-
lem can be resolved by using isopropanol as a reducing agent
to transform aldehyde 4 into alcohol 5 in accordance with the
Meerwein–Ponndorf–Verley (MPV) reaction. In the classical
MPV reaction, Al(OiPr)3 (de Graauw et al., 1994) is used as
a catalyst. It has been found to date that this reaction can pro-
ceed in the presence of other catalysts, including heterogeneous
ones (Chuah et al., 2006).
It has recently been shown (Anikeev et al., 2010a,b) that
the main product of a-pinene epoxide 3 thermolysis proceeding
in a supercritical solvent containing CO2 and isopropanol was
aldehyde 4; the reaction was carried out in a ﬂow reactor at
250 C. Alcohol 5 was not found among the reaction products.
At the same time, the MPV reduction of carbonyl compounds
to alcohols was found to occur in supercritical isopropanol in
the absence of catalysts (Gubin et al., 1983; Gubin, 1995;
Sominsky et al., 2004; Daimon et al., 2006; Kamitanaka
et al., 2007, 2009). This situation might be a result of the fact
that high temperature (300 C and higher) and a long-term
contact are required to perform the MPV reaction in
isopropanol.5
OH
Al2O3 COOH
9
O
3
CHO
4
Scheme 2Adding a heterogeneous catalyst, e.g. Al2O3, which was ear-
lier used in the MPV reaction (Posner et al., 1977; Chuah et al.,
2006), into a ﬂow reactor may allow both the isomerization
processes of pinene epoxides into aldehydes and the MPV
reduction of the aldehydes obtained to alcohols using a super-
critical solvent as a reducing agent to be performed in one step.
The latter is the aim of this work.
2. Experimental (materials and methods)
Commercially available (Acros) ()-a-pinene epoxide of purity
98% was used in the experiments. ()-b-Pinene epoxide was
synthesized from ()-b-pinene (Fluka) by peracetic acid oxida-
tion according to the procedure described in Tatarova et al.
(2003). The used isopropanol contained no less than
99.8 wt.% of the main substance and no more than
0.05 wt.% of water. CO2 was a stated purity of 99.9 vol.%
and contained no more than 0.02 vol.% water. The reactor
was loaded with Al2O3 (Macherey–Nagel, pH 7 ± 0.5, free
BET surface area 130 m2/g) of 50–200 lm particle size.
Experimental studies were performed in the laboratory-
scale set-up described earlier (Anikeev et al., 2007), using a
tubular ﬂow-type reactor (the length 3 m with internal diame-
ter 1.75 mm) loaded with 22.1 cm3 (20.6 g) of alumina.
The initial mixture was fed to the reactor as two streams.
The ﬁrst stream – supercritical CO2 – was delivered by a syr-
inge pump to a mixer mounted at the reactor inlet, through
a heat exchanger where it was heated to the reaction tempera-
ture. The liquid CO2 ﬂow rate was 5.0 ml/min. The second
stream – 1% solution of corresponding epoxide in isopropanol
– was fed to the same mixer by piston pump at a ﬂow rate of
2.0 ml/min. The use of supercritical CO2 as a component of the
solvent allowed to signiﬁcantly reduce the critical temperature,
thus avoiding undesirable secondary reactions taking place
during the reaction (Anikeev et al., 2010a,b; Volcho et al.,
2011).
The reaction mixture residence time s was 3.2 min at
7.0 ml/min ﬂow rate and was calculated as a ratio of catalyst
volume Vcat (cm
3) to the inlet volume consumption of liquid
mixture Q (cm3/min). The WHSV (weight hourly space veloc-
ity) was 15.6 gmixture/(gkat h). The temperature and pressure
intervals were T= 140–200 C and p= 190 ± 5 atm.
In order to determine the reaction conditions (temperature
and pressure) providing a homogeneous state of the reaction
mixture in the reactor, thermochemical calculations were used
to construct a phase diagram for the initial composition of the
mixture, and the critical values Tcr (123.0 C) and pcr
(143.3 atm) were found. The calculations were based on tech-
niques developed earlier using the Redlich–Kwong–Soave
equation of state (Yermakova and Anikeev, 2000). Since the
total proportion of CO2 and isopropanol in the initial mixture
exceeds 0.95 and remains virtually constant in the course of
reaction, one can suggest that the position of the critical point
will change only slightly during the reduction.
The products of the reaction were cooled at the reactor
outlet, separated into gas and liquid phases, and analyzed.
Composition of the reaction products in the liquid phase was
determined by gas chromatography–mass spectrometry
(GC–MS) using a Agilent 7820A gas chromatograph equipped
with a quadrupole mass spectrometer Agilent 5973N as a
detector. Quartz column HP-5MS (copolymer 5%–diphenyl–
95%–dimethylsiloxane) of length 30 m, internal diameter
Meerwein–Ponndorf–Verley reduction of aldehydes formed in situ from a- and b-pinene epoxides 3150.25 mm and stationary phase ﬁlm thickness 0.25 lm was used
for the analysis. Qualitative analysis was performed by com-
paring retention indices of components and their complete
mass spectra with the corresponding data for pure compounds
if any and with the data of the NIST library (190,825 com-
pounds), the Wiley 7 library of mass-spectrometric data
(375,000 mass spectra). The percentage composition of
mixtures was calculated from the surface areas of chromato-
graphic peaks using no correction coefﬁcients.
1H NMR (300 MHz) spectra were recorded in CDCl3 using
a Brucker AV-300 spectrometer.
2.1. Products of transformation of ()-a-pinene epoxide 3 under
supercritical conditions at 200 C
In order to isolate the reaction products, the reaction mixture
(18 ml) was evaporated. The residual (0.186 g) was separated
by column chromatography on SiO2 (60–200 lm, Macherey–
Nagel), 2–25% gradient of ethyl acetate in hexane was used
as an eluent to afford campholenic alcohol 5 (0.075 g, 40%),
pinocarveol 10 (0.008 g, 4%) and pinocamphone 11 (0.057 g,
31%). The NMR spectra of compounds 5, 10, and 11 coin-
cided with the corresponding spectra published in (Chapuis
and Brauchli, 1992; Raptis et al., 2009; Tang et al., 1995),
correspondently.
3. Results and discussion
As previously mentioned above, isomerization of a-pinene
epoxide 3 in a supercritical isopropanol/CO2 mixture leads to
campholenic aldehyde 4 as the main product of the reaction
carried out in a ﬂow reactor at a contact time of less than
4 min; no reduction products of aldehyde 4 were observed even
at a temperature of 300 C (Anikeev et al., 2010a). An attempt
to carry out the MPV reaction in supercritical isopropanol in a
ﬂow reactor was made in Sominsky et al. (2004). However,
either a slight conversion was observed or undesired secondary
reactions occurred upon increasing the temperature.
In order to make possible the synthesis through the MPV
reaction at moderate temperatures and short contact times,
one more component, i.e. Al2O3, has been added to the system
as a heterogeneous catalyst. It resulted in the complete conver-
sion of epoxide 3 yet at 140 C; the following products of isom-
erization were obtained: pinocarveol 10, campholenic aldehyde
4, and pinocamphone 11; as well as a lesser amount of cam-
pholenic alcohol 5, which was a product of the reduction of
aldehyde 4 (Scheme 3 and Fig. 1). The formation of a negligi-
ble amount of carveol 12, a product having a para-menthaneAl2O3, scCO2/iPrOH
190 atm., 190 oC
O
3
10
Schemeskeleton, was observed. The results of isomerization of com-
pound 3 in the presence of Al2O3 at 140 C are in relatively
good agreement with the data obtained in the absence of the
catalyst at 192 C, apart from the fact that almost no isocam-
pholenic aldehyde was found in the reaction mixture and ex-
cept from the difference in the quantitative conversion of
epoxide (it was less than 50% in the absence of the catalyst
(Anikeev et al., 2010a)). Moreover, the main product with
pinane skeleton was pinocarveol 10, not pinocamphone 11 as
it was in the case of reaction without Al2O3. Thus, the use of
Al2O3 as a catalyst does not have any signiﬁcant inﬂuence
on the direction of isomerization of epoxide 3, but substan-
tially increases the rate of reaction. Note that the MPV reduc-
tion of aldehyde 4 proceeds almost half-way for less than 4 min
at 140 C, while without catalyst, such a reaction requires at
least 40 min at a temperature of not less than 300 C (Gubin
et al., 1983; Gubin, 1995; Sominsky et al., 2004; Daimon
et al., 2006; Kamitanaka et al., 2007, 2009).
An increase in reaction temperature to 165 C led to the al-
most complete disappearance of aldehyde 4 from the reaction
mixture, and consequently to an increase in the fraction of
alcohol 5 obtained from it; as a result, alcohol 5 became the
main product of the reaction. Upon increasing the temperature
to 185 C and further, to 200 C, a gradual increase in the frac-
tions of campholenic alcohol 5 and pinocamphone 11 accom-
panied by simultaneous decrease in the fraction of pinocarveol
10 was observed. The content of carveol 12 remained temper-
ature-independent during the reaction and was not more than
2%. The fraction of the other reaction products initially in-
creased, however at a temperature above 185 C, it remained
almost stable.
In order to conﬁrm the structure of the products and to
establish the possibility of their preparative synthesis, the reac-
tion mixture was prepared at 200 C, since the content of tar-
get alcohol 5 is maximal at this temperature (Fig. 1). After the
solvent was removed, and the reaction mixture was separated
by column chromatography on SiO2, campholenic alcohol 5
and pinocamphone 11 were obtained as the main products;
their yields were 40% and 31%, respectively. In addition, pino-
carveol 10 was found with a yield of 4%. It should be noted
there is a good agreement between the GC–MS data (Fig. 1,
200 C) and the results of preparative separation.
It is noticeable that despite the formation of two carbonyl
compounds in the reaction, i.e. aldehyde 4 and ketone 11, only
aldehyde 4 is reduced to alcohol, while compound 11 remains
unchanged.
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Figure 1 Transformation of a-pinene epoxide 3 in supercritical conditions, the composition of the reaction mixture (according to GC–
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316 I.V. Il’ina et al.Al2O3 at 190 C led to the formation of trans- and cis-myrtanol
8 and 13 (their total content was 72%, the ratio of the isomers
was 7:1, according to the GC–MS data), which were most
likely the products of MPV reduction of the intermediate com-
pounds, trans- and cis-myrtanals. In addition, myrtenol 14 and
perillyl alcohol 15, minor products of epoxide 6 isomerization,
were found in the reaction mixture.
4. Conclusions
According to the studies performed, the suggested system con-
sisting of the ﬂow reactor, the supercritical isopropanol/CO2
ﬂuid as a reducing agent, and Al2O3 as a catalyst allows both
isomerization of a- and b-pinene epoxides 3 and 6 into cam-
pholenic aldehyde 4 and myrtanal 7 and MPV reduction of
these aldehydes to corresponding alcohols 5 and 8 to be effec-
tively carried out in one preparation step.
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